Carbohydrate--protein interactions are involved in a wide variety of biological processes, including fertilization^[@ref2]−[@ref4]^ and implantation,^[@ref5]^ pathogen invasion,^[@ref6]^ immune response,^[@ref7],[@ref8]^ and cell growth regulation.^[@ref9]^ Despite weak affinities of individual carbohydrate--protein interactions, multivalent glycoconjugates, such as glycopolymers, glycodendrimers, and glyconanoparticles, with multiple carbohydrate ligands can enhance overall binding avidity.^[@ref10],[@ref11]^

Synthetic glycopolymers provide access to a large variety of overall structures and are popular multivalent glycoconjugates because of their ease of synthesis. Different polymerization strategies provide varying polymer backbone rigidities as well as binding group spacing and density.^[@ref10]^ The flexibility of the polymer scaffold is one of the factors that can affect the biological activity of the glycoconjugate.^[@ref12]^ A rigid polymer with correct spacing may interact with receptors more exactly to avoid a conformational entropy penalty.^[@ref10]^ Alternatively, flexible polymers are more capable of adapting to protein interfaces and of clustering more carbohydrate-binding proteins.^[@ref13],[@ref14]^ Therefore, the effect of the polymer backbone flexibility depends on the receptors engaged and their presented orientations on the backbone.^[@ref15]^

We are interested in how polymer backbones affect induction of mouse sperm acrosomal exocytosis (AE) by glycopolymers. AE is a key step in mammalian fertilization, and only sperm that have undergone AE can participate in the subsequent fertilization steps that lead to sperm--egg fusion.^[@ref16]^ Previous studies by our group^[@ref17]^ and others^[@ref18]^ found that polynorbornene glycopolymers displaying mannose, fucose, or GlcNAc or a protein displaying mannose, GlcNAc, or GalNAc can initiate AE *in vitro*. However, the identity of the sperm receptors remains unknown.

Here, we compare these inducers of AE to glycopolymers displaying the same sugars on a different backbone, polycyclooctene ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Both polymers are prepared through ruthenium-catalyzed ring-opening metathesis polymerization (ROMP). Polynorbonene backbones are widely adopted during polymer synthesis because of the high ring strain of norbornene and the high polymer rigidity that results from a cyclopentane in the backbone.^[@ref19],[@ref20]^ Functionalized polycyclooctenes are of interest because the backbone can provide a longer interligand spacing along a flexible, acyclic backbone.^[@ref21]^ AE induction activity may be enhanced when the spacing between two ligands is increased, making the binding site more accessible. Moreover, polycyclooctenes are of interest because multiple positions can be substituted with different functional groups on the cyclooctene (COE) backbone.^[@ref22]^ Comparison of the polymer structures by small-angle X-ray scattering (SAXS) in the solution state and their activity as inducers of AE revealed that the polynorbornene backbone with a rigid cylindrical structure forms more effective inducers of AE when fucose or GlcNAc is presented and the flexible polycyclooctene forms a more effected AE inducer when mannose is presented. Our results demonstrate that activation of AE is dependent on the scaffold structure as well as the pendant sugars.

![Norbornene poly(**1**)~100~ and cyclooctene poly(**2**)~100~ backbone polymer structures.](bi-2017-00166a_0001){#fig1}

Materials and Methods {#sec2}
=====================

Materials {#sec2.1}
---------

Unless otherwise noted, all reagents were used as supplied by commercial suppliers without further purification. (H~2~IMes)(3-BrPyr)~2~Cl~2~Ru=CHPh (**3**) was prepared according to the method described in the literature.^[@ref23]^ CH~2~Cl~2~, benzene, Et~2~O, tetrahydrofuran (THF), and CH~3~OH were dried in a GlassContour solvent pushstill system; pentane was used without further purification. All reactions were performed under an Ar atmosphere in oven-dried glassware unless otherwise specified. Analytical thin layer chromatography (TLC) was performed with precoated silica gel plates (60F254); flash chromatography was performed with silica gel-60 (230--400 mesh), and Combi-Flash chromatography was performed with RediSep normal phase silica columns (Teledyne Isco, silica gel-60, 230--400 mesh). Bruker 400 and Bruker 500 MHz nuclear magnetic resonance (NMR) instruments were used to perform NMR analyses. ^1^H NMR spectra are reported as chemical shift in parts per million (multiplicity, coupling constant in hertz, integration) and were acquired in CDCl~3~ unless otherwise noted. ^1^H NMR data are assumed to be first-order.

Methods {#sec2.2}
-------

For the determination of *Đ*~m~ (dispersity index), polymers (before flash column chromatography purification) were dissolved in CDCl~3~ (0.5 mg/mL). An aliquot (100 μL) of the polymer solution was injected and analyzed by gel permeation chromatography using a Phenogel column (300 mm × 7.80 mm, 5 μm, linear mixed bed, 0--40K molecular weight range). Elution was performed at a rate of 0.7 mL/min with THF and detection at 220 and 254 nm at 30 °C. Narrowly dispersed polystyrene standards from Aldrich were used as molecular weight calibrants. The number-average and weight-average molecular weights were calculated from the chromatogram.

Poly(**1**)~100~ Preparation {#sec2.3}
----------------------------

The norbornene mannose, fucose, GlcNAc, and glucose monomers were synthesized as described by Wu and Sampson.^[@ref17]^

4-Cyclooctenecarboxylic Acid {#sec2.4}
----------------------------

5-Bromo-1-cyclooctene was prepared according to the procedure described by Ashby and Coleman.^[@ref24]^ The 5-bromo-1-cyclooctene was converted to the nitrile using the method described by Hillmyer et al.^[@ref21]^ Hydrolysis of nitrile was performed on the basis of the procedure of Hartley for the preparation of δ-oxoazelaic acid.^[@ref25]^ Specifically, 1.3 mL of 30% (v/v) H~2~O~2~ was added to a suspension of 6.1 g of nitrile and 20.2 mL of 30% (w/v) aqueous KOH. The mixture was stirred under N~2~ and heated at 40 °C for 1 h, after which it was heated at reflux for 20 h. The mixture was cooled to room temperature and extracted with Et~2~O to remove traces of the starting material. The aqueous phase was acidified with 20 mL of a 40% (v/v) aqueous solution of phosphoric acid and stirred for 2 h. The aqueous solution was then extracted with Et~2~O (3 × 50 mL), and the Et~2~O was dried over Na~2~SO~4~ and concentrated in vacuo to obtain 1.2 g of the title acid (49% overall yield): ^1^H NMR (CDCl~3~) δ 13.4--9.7 (1H, bs), 5.72--5.60 (2H, m), 2.50 (1H, m), 2.40 (1H, m), 2.25--2.03 (4H, m), 1.90 (1H, m), 1.73 (1H, m), 1.65 (2H, m), 1.40 (1H, m).

Cyclooctene Monomers (**2**) {#sec2.5}
----------------------------

Azido [l]{.smallcaps}-fucose, [d]{.smallcaps}-mannose, [d]{.smallcaps}-*N*-acetylglucosamine, and [d]{.smallcaps}-glucose sugar monomers were synthesized and coupled to 4-cyclooctenecarboxylic acid as described by Wu and Sampson.^[@ref17]^ Monomer **2a′** was purified by chromatography \[1:1 (v/v) EtOAc/CH~2~Cl~2~ (Combi-Flash)\]. Monomer **2b′** and monomer **2d′** were purified by chromatography \[1:3 (v/v) EtOAc/CH~2~Cl~2~ (Combi-Flash)\]. Monomer **2c′** was purified by chromatography \[EtOAc (Combi-Flash)\]. Monomers **2a′**, **2b′**, **2c′**, and **2d′** were obtained in 65, 75, 75, and 85% yields, respectively.

**2a′**: ^1^H NMR (CD~2~Cl~2~, 500 MHz) δ 7.78 (d, *J* = 8.4 Hz, 1H), 7.63 (dd, *J* = 24.2, 8.0 Hz, 1H), 7.41--7.21 (m, 2H), 6.05--5.92 (m, 1H), 5.64--5.45 (m, 2H), 5.28--5.10 (m, 2H), 5.06--4.88 (m, 3H), 4.79 (t, *J* = 5.4 Hz, 1H), 4.09--3.95 (m, 1H), 3.80--3.58 (m, 3H), 3.45--3.23 (m, 3H), 2.34--2.21 (m, 1H), 2.18--1.89 (m, 12H), 1.88 (s, 3H), 1.85--1.72 (m, 2H), 1.70--1.45 (m, 5H), 1.34--1.08 (m, 3H), 1.01 (dd, *J* = 21.4, 6.5 Hz, 14H); ^13^C NMR (CDCl~3~, 126 MHz) δ 178.0, 170.8, 170.4, 130.9, 130.8, 129.8, 96.6, 77.5, 77.4, 77.2, 71.3, 71.2, 71.1, 70.3, 68.30, 68.07, 67.96, 67.79, 67.76, 65.01, 64.80, 45.7, 42.3, 39.1, 32.7, 30.5, 29.8, 28.3, 26.18, 26.1, 24.3, 23.7, 21.0, 20.9, 20.8, 16.0, 1.2.

**2b′**: ^1^H NMR (CDCl~3~, 500 MHz) δ 5.90 (q, *J* = 5.9 Hz, 1H), 5.63 (dtd, *J* = 19.9, 10.8, 9.9, 3.8 Hz, 2H), 5.30--5.17 (m, 3H), 4.76 (s, 1H), 4.21 (dd, *J* = 12.3, 5.6 Hz, 1H), 4.10--4.00 (m, 1H), 3.90 (t, *J* = 7.7 Hz, 1H), 3.86--3.66 (m, 1H), 3.47 (tt, *J* = 8.1, 3.6 Hz, 2H), 3.39--3.29 (m, 1H), 2.34 (dtt, *J* = 14.1, 8.9, 4.4 Hz, 1H), 2.21 (dp, *J* = 12.5, 6.5, 6.0 Hz, 1H), 2.18--1.80 (m, 18H), 1.63 (ddt, *J* = 38.7, 15.2, 6.9 Hz, 5H), 1.35 (tt, *J* = 15.3, 6.1 Hz, 1H), 1.20 (t, *J* = 7.1 Hz, 1H), 1.07 (d, *J* = 6.5 Hz, 2H); ^13^C NMR (CDCl~3~, 126 MHz) δ 178.1, 171.2, 170.7, 170.1, 169.7, 157.2, 130.7, 129.8, 97.7, 77.5, 77.4, 77.2, 69.4, 69.1, 68.7, 67.4, 66.2, 62.5, 60.5, 45.5, 42.0, 38.9, 32.7, 32.5, 30.5, 30.3, 28.1, 26.0, 24.2, 23.6, 20.9, 20.8, 20.7, 14.2, 1.1.

**2c′**: ^1^H NMR (CDCl~3~, 500 MHz) δ 7.77 (dd, *J* = 73.8, 8.3 Hz, 1H), 7.40 (dt, *J* = 26.6, 7.3 Hz, 1H), 6.49 (dd, *J* = 19.2, 8.4 Hz, 1H), 6.23 (dt, *J* = 32.0, 6.6 Hz, 1H), 5.73--5.51 (m, 3H), 5.17 (t, *J* = 10.0 Hz, 1H), 5.04 (q, *J* = 9.7 Hz, 2H), 4.85--4.73 (m, 0H), 4.61 (t, *J* = 8.2 Hz, 1H), 4.31 (td, *J* = 10.0, 3.6 Hz, 0H), 4.20 (ddd, *J* = 17.5, 12.3, 4.8 Hz, 1H), 4.08 (dd, *J* = 19.1, 12.5 Hz, 2H), 3.94 (ddt, *J* = 18.7, 9.5, 4.6 Hz, 1H), 3.80 (q, *J* = 9.3, 8.1 Hz, 1H), 3.73--3.59 (m, 2H), 3.59--3.37 (m, 2H), 3.30 (qd, *J* = 13.3, 11.4, 6.2 Hz, 1H), 2.33 (ddt, *J* = 14.6, 9.7, 5.4 Hz, 1H), 2.23 (q, *J* = 8.0, 7.5 Hz, 2H), 2.11 (p, *J* = 6.6 Hz, 3H), 2.05 (d, *J* = 4.8 Hz, 6H), 1.98 (dd, *J* = 10.9, 4.2 Hz, 10H), 1.93 (s, 3H), 1.83 (dq, *J* = 13.6, 4.4 Hz, 1H), 1.74--1.52 (m, 6H), 1.42--1.12 (m, 6H), 1.11--1.01 (m, 1H), 0.82 (dp, *J* = 26.5, 6.8 Hz, 2H); ^13^C NMR (CDCl~3~, 126 MHz) δ 178.7, 171.9, 169.4, 130.6, 129.6, 129.5, 128.4, 126.7, 125.7, 117.9, 110.8, 101.0, 97.8, 77.4, 77.3, 77.1, 72.6, 71.9, 71.3, 68.4, 68.1, 67.8, 62.1, 54.3, 51.6, 45.5, 45.3, 42.2, 39.0, 32.5, 30.4, 30.3, 30.2, 29.7, 29.3, 28.0, 25.9, 24.1, 23.4, 23.0, 22.7, 20.7, 20.6, 19.4, 18.9, 14.1, 5.5.

**2d′**: ^1^H NMR (CDCl~3~, 500 MHz) δ 5.87 (q, *J* = 5.1 Hz, 1H), 5.60 (dq, *J* = 31.0, 9.0 Hz, 2H), 5.14 (t, *J* = 9.5 Hz, 1H), 4.96 (dt, *J* = 44.2, 9.4 Hz, 2H), 4.58 (d, *J* = 7.9 Hz, 1H), 4.46 (d, *J* = 7.9 Hz, 1H), 4.20 (dd, *J* = 12.4, 4.9 Hz, 1H), 4.11--3.96 (m, 2H), 3.78 (qd, *J* = 11.9, 10.1, 6.1 Hz, 2H), 3.64 (dddd, *J* = 19.6, 14.5, 10.1, 5.4 Hz, 2H), 3.36 (dtt, *J* = 16.8, 11.4, 6.6 Hz, 2H), 2.32 (dtd, *J* = 14.4, 9.2, 5.0 Hz, 1H), 2.22--1.79 (m, 19H), 1.72--1.51 (m, 4H), 1.31 (tq, *J* = 13.4, 6.3 Hz, 1H), 1.19 (t, *J* = 7.0 Hz, 1H), 1.05 (d, *J* = 6.5 Hz, 4H); ^13^C NMR (CDCl~3~, 125 MHz) δ 178.0, 171.2, 170.6, 170.2, 169.5, 157.3, 130.6, 129.7, 100.9, 95.9, 77.5, 77.4, 77.2, 72.7, 71.9, 71.4, 70.7, 69.2, 68.7, 68.3, 67.6, 67.4, 61.9, 60.4, 45.5, 41.8, 39.0, 32.5, 30.4, 30.3, 28.1, 26.0, 24.2, 23.6, 21.0, 20.8, 20.7, 20.6, 20.3, 14.2, 1.0.

General Procedure for Poly(**2′**) Preparation {#sec2.6}
----------------------------------------------

Monomer **2′**, catalyst **3**, and solvent were thoroughly dried before being used. Monomer **2′** (100 equiv) and catalyst **3** (1 equiv) were mixed in CH~2~Cl~2~ to achieve a final monomer concentration of 57 mM and allowed to react at room temperature. The reaction was monitored by TLC and upon completion immediately quenched with ethyl vinyl ether. Typical reaction times were 15--20 min. Polymers were purified by column chromatography to yield poly(**2a′**)~100~, poly(**2b′**)~100~, poly(**2c′**)~100~, and poly(**2d′**)~100~ in 31, 77, 44, and 61% yields, respectively. The protected glycopolymers were analyzed by GPC to determine dispersities ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

###### Dispersities of Poly(**2′**)~100~

  polymer              *M*~n~^theor^   *M*~n~[a](#t1fn1){ref-type="table-fn"}   *M*~w~[a](#t1fn1){ref-type="table-fn"}   *Đ*~M~[a](#t1fn1){ref-type="table-fn"}
  -------------------- --------------- ---------------------------------------- ---------------------------------------- ----------------------------------------
  poly(**2a′**)~100~   46997           68495                                    77352                                    1.13
  poly(**2b′**)~100~   52797           43094                                    53202                                    1.24
  poly(**2c′**)~100~   52697           59649                                    68235                                    1.14
  poly(**2d′**)~100~   52797           35324                                    47892                                    1.36

Determined from GPC utilizing a differential refractometer and a multiangle light scattering detector.

Poly(**2a′**)~100~: ^1^H NMR (CDCl~3~, 400 MHz) δ 5.57--5.21 (m), 5.14 (d, *J* = 10.7 Hz), 5.04 (s), 4.12 (d, *J* = 8.0 Hz), 3.93--3.23 (m), 2.77--2.46 (m), 2.16 (s), 2.06 (s), 1.77--1.16 (m), 1.14 (d, *J* = 6.4 Hz), 0.96--0.68 (m).

Poly(**2b′**)~100~: ^1^H NMR (CD~2~Cl~2~, 500 MHz) δ 6.25--5.70 (br), 5.30 (q, *J* = 10.6 Hz), 5.22 (s), 5.12 (t, *J* = 9.5 Hz), 4.96 (t, *J* = 9.0 Hz), 4.83 (dt, *J* = 18.6, 9.2 Hz), 4.49 (t, *J* = 8.2 Hz), 4.15 (dq, *J* = 12.7, 7.3, 6.0 Hz), 4.04 (dq, *J* = 12.7, 7.4, 6.9 Hz), 3.75 (dd, *J* = 9.8, 5.0 Hz), 3.69--3.54 (m), 3.34 (dtd, *J* = 18.3, 13.3, 7.0 Hz), 2.04 (dd, *J* = 23.0, 10.2 Hz), 1.97 (s), 1.91 (d, *J* = 14.1 Hz), 1.64--1.15 (m), 0.79 (q, *J* = 12.7, 9.6 Hz).

Poly(**2c′**)~100~: ^1^H NMR (CDCl~3~, 500 MHz) δ 6.00 (t, *J* = 5.6 Hz), 5.93--5.76 (m), 5.65 (dddd, *J* = 22.8, 16.2, 8.6, 4.3 Hz), 5.23--5.11 (m), 5.07 (td, *J* = 9.7, 6.7 Hz), 4.59 (dd, *J* = 10.2, 8.2 Hz), 4.22 (ddd, *J* = 20.7, 12.3, 4.8 Hz), 4.16--4.04 (m), 3.95 (dtt, *J* = 15.4, 7.3, 3.6 Hz), 3.83 (tdd, *J* = 9.7, 6.4, 3.4 Hz), 3.66 (ddtt, *J* = 16.9, 13.4, 7.2, 3.4 Hz), 3.52 (dddt, *J* = 27.4, 14.1, 6.3, 3.6 Hz), 3.33 (ddddd, *J* = 22.3, 18.2, 11.5, 7.5, 4.4 Hz), 2.48--2.30 (m), 2.30--2.20 (m), 2.15 (d, *J* = 7.9 Hz), 2.08 (d, *J* = 3.6 Hz), 2.05--1.99 (m), 1.98 (s), 1.95 (s), 1.89 (td, *J* = 10.7, 5.5 Hz), 1.79--1.55 (m), 1.45--1.29 (m), 1.24 (d, *J* = 2.4 Hz).

Poly(**2d′**)~100~: ^1^H NMR (CD~2~Cl~2~, 500 MHz) δ 5.38--5.10 (m), 4.74 (t, *J* = 5.0 Hz), 4.16 (dq, *J* = 9.2, 5.2, 3.7 Hz), 3.99 (d, *J* = 12.4 Hz), 3.94--3.86 (m), 3.71 (tt, *J* = 10.1, 5.3 Hz), 3.56--3.25 (m), 2.18--1.85 (m), 1.64--1.41 (m), 1.42--1.07 (m).

General Procedure for the Preparation of Poly(**2**)~100~ {#sec2.7}
---------------------------------------------------------

Poly(**2′**)~100~ glycopolymers were deprotected under basic conditions and quenched with aqueous HCl following the procedure described by Wu and Sampson.^[@ref17]^ Deprotection was achieved in 30--40% yields.

Poly(**2a**)~100~: ^1^H NMR (D~2~O, 500 MHz) δ 5.46 (s), 4.92--4.73 (m), 4.01 (s), 3.85--3.75 (m), 3.74--3.37 (m), 2.31 (s), 2.25--2.01 (m), 1.66--1.21 (m), 1.11 (s).

Poly(**2b**)~100~: ^1^H NMR (D~2~O, 500 MHz) δ 5.64 (s), 5.38 (s), 5.22 (d, *J* = 11.7 Hz), 4.96--4.89 (m), 4.71--4.64 (m), 4.11--4.07 (m), 3.79 (s), 3.71--3.58 (m), 3.54 (s), 3.40 (s), 2.74--2.67 (m), 2.66--2.58 (m), 2.40--2.26 (m), 2.17--1.98 (m), 1.98--1.83 (m), 1.68--1.55 (m), 1.38--0.97 (m).

Poly(**2c**)~100~: ^1^H NMR (D~2~O, 500 MHz) δ 5.81--5.71 (m), 5.45 (s), 5.20--4.60 (m), 4.57--4.51 (m), 3.95--3.64 (m), 3.56--3.29 (m), 2.43--2.36 (m), 2.24--1.92 (m), 1.79--1.56 (m), 1.46--1.21 (m).

Poly(**2d**)~100~: ^1^H NMR (D~2~O, 500 MHz) δ 5.41--5.34 (m), 4.89--4.82 (m), 4.77 (d, *J* = 18.9 Hz), 4.38 (dd, *J* = 7.4, 3.2 Hz), 3.87 (dd, *J* = 28.5, 10.5 Hz), 3.77--3.55 (m), 3.37 (dtd, *J* = 53.2, 20.6, 18.8, 9.5 Hz), 3.20 (t, *J* = 8.6 Hz), 2.24 (d, *J* = 14.4 Hz), 1.95 (s), 1.56 (s), 1.41 (s), 1.27 (s).

Small-Angle X-ray Scattering (SAXS) {#sec2.8}
-----------------------------------

Small-angle X-ray scattering (SAXS) measurements were taken on a Bruker Nanostar U instrument in the high-resolution configuration (Brookhaven National Laboratory, Upton, NY). The wavelength of the beam is 0.15418 nm with a Cu rotating anode source. The nominal distance from sample to detector (Vantec 2000 area detector) was 1.1 m, and the actual distance was calibrated with silver behenate before the measurements. Deprotected glycopolymer solutions were prepared at the indicated concentrations and loaded into quartz capillaries (diameter of 0.1 mm). The capillary was fixed in the sample holder, and scattering data for each sample were collected for 18 h. SAXS data were analyzed using the SasView small-angle scattering analysis software package (<http://www.sasview.org/>).

Sperm Flow Cytometry Assay and Statistical Analysis {#sec2.9}
---------------------------------------------------

Mouse sperm isolation and flow cytometry experiments were conducted following previously published methods.^[@ref1]^ The acrosome integrity of live sperm was normalized to PBS (negative control) and 5 μM A23187 (positive control). Normalized AE% was calculated using \[(AE% of glycopolymer -- AE% of negative control)/(AE% of positive control -- AE% negative control)\]. %AE induced by each polymer concentration was compared with that of the negative control PBS-treated sperm (normalized 0%) and its significance tested with a one-sample *t* test. The significance of AE% changes between two consecutive concentrations of polymer was tested with a two-sample *t* test. Statistical tests were performed with R.^[@ref26]^

Results and Discussion {#sec3}
======================

Preparation of Poly(**2′**)~100~ {#sec3.1}
--------------------------------

Cyclooctene functionalized at carbon 5 with a sugar moiety proved to be very reactive in ROMP; 100% conversion was achieved in 15--20 min with 0.5 M catalyst at room temperature. Extending the reaction time beyond 20 min resulted in backbiting and the formation of shorter polymers. The dispersities were determined by GPC, and the results are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

Comparison of Polymer Backbones as Inducers of Mouse Sperm Acrosome Exocytosis {#sec3.2}
------------------------------------------------------------------------------

Our previous studies demonstrated that polynorbornene backbone polymers with fucose, mannose, and GlcNAc ligands activated mouse AE through independent receptors that converge onto the same intracellular signaling pathways.^[@ref17]^ Moreover, no synergy of polymer action was detected when combinations of active polymers were tested. To further distinguish multivalent structure--activity relationships, we utilized a more flexible polymer backbone with longer interligand spacing and tested the effect on the induction of mouse sperm AE.

AE induction was measured at 5, 10, and 20 μM polymers using a triple-stain flow cytometry assay.^[@ref1]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} illustrates the AE induction efficacy of polycyclooctene and polynorbornene displaying fucose, GlcNAc, or mannose normalized to the positive control of AE induction by calcium ionophore A23187. Polymers displaying glucose were used as a negative control.

![AE induction by norbornene \[poly(**1**)~100~\]^[@ref1]^ and cyclooctene \[poly(**2**)~100~\] backbone polymers. Normalized AE% = (AE% induction by polymers -- AE% induction by negative control)/(AE% induction by positive control -- AE% induction by negative control). The average AE% for sperm treated with 5 μM A23187 (positive control) was 21%. The average AE% for sperm treated with PBS (negative control) was 9%. Data represent means ± the standard error of the mean of at least three independent experiments. \**p* \< 0.05 when compared to the negative control. \*\**p* \< 0.05 when consecutive concentrations of polymer are compared.](bi-2017-00166a_0002){#fig2}

In previous work, we observed that for fucose polymers, the level of poly(**1a**)~100~ AE induction increased as the polymer concentration increased from 0.25 to 10 μM with an EC~50~ of 1.6 μM. At higher concentrations of poly(**1a**)~100~, highly cooperative inhibition occurred and the level of AE induction dropped to ∼27%.^[@ref1],[@ref17]^ This type of cooperative inhibition is diagnostic of a multivalent activation process that competes poorly with a second monovalent binding event at high probe concentrations.^[@ref27]−[@ref30]^ Steric occlusion of the cell surface as more receptors are occupied may also prevent di- or multivalent engagement. Mannose and GlcNAc polymers poly(**1b**)~100~ and poly(**1c**)~100~ exhibited similar AE induction plateaus with EC~50~ values of 1.2 and 3.4 μM, respectively. Cooperative inhibition was absent for the mannose polymer and incomplete for the GlcNAc polymer within the testable concentration range.^[@ref1],[@ref17]^

When these same sugar ligands were displayed on polycyclooctene through the same linker, the AE induction profile was distinct from that of the polynorbornene display. The level of AE induction declined for fucose and GlcNAc cyclooctene backbone polymers. Poly(**2a**)~100~ induced \<20% AE at 5 μM. Although the level of AE induction continued to increase at higher polymer concentrations, the maximal level of AE induction reached was ∼40%, which was significantly lower than the 100% AE induction observed with poly(**1a**)~100~. The increases were not statistically significant and represent an at least 10-fold increase in EC~50~ compared to that of the polynorbornene scaffold. Polymers were not tested above 20 μM as sperm viability was reduced upon addition of high polymer concentrations.

The polycyclooctene displaying GlcNAC followed a similar trend. The level of AE induced by poly(**2c**)~100~ increased when the polymer concentration increased from 5 to 20 μM but was not highly statistically significant. Moreover, the maximal level of AE induction observed with poly(**2c**)~100~ was approximately 20%, which is significantly lower than the 100% AE induction by poly(**1c**)~100~.^[@ref1]^ Thus, the EC~50~ is projected to be at least an order of magnitude higher for the polycyclooctene backbone bearing GlcNAc.

In contrast, the level of induction of AE by mannose cyclooctene polymers exceeded 100% at high concentrations. Although both poly(**1b**)~100~ and poly(**2b**)~100~ displayed strong AE induction, poly(**1b**)~100~ induced an AE plateau of 70--80% from 0.25 to 20 μM polymer with an EC~50~ of 1.2 μM;^[@ref1]^ on the other hand, poly(**2b**)~100~ barely induced AE at 5 μM, and the level of induction increased dramatically with an increase in polymer concentration to 10 μM and remained at a plateau up to 20 μM. Thus, the potency of AE induction by polynorbornene polymers ranged from 5- to \>10-fold higher than that by polycyclooctene polymers bearing the same sugar. However, the extent of activation was greatest for the polycyclooctene mannose polymer.

Analysis of Glycopolymer Solution Structures {#sec3.3}
--------------------------------------------

We synthesized polycyclooctenes, poly(**2**)~100~, to form polymers with longer and more flexible backbones compared to the norbornene backbone used initially. We expected that an enhancement of AE activation would be observed because of greater receptor accessibility.^[@ref12],[@ref13]^ However, the flexible backbone in combination with fucose or GlcNAc displays a reduced level of AE induction. Only the level of AE induction by mannose polymers increased with the use of polycylooctene. Therefore, we undertook SAXS analysis of the solution polymer conformations to understand the divergent activities of these polymers.

SAXS measurements were taken on 1 wt % solutions of glycopolymers in M16 medium, the same cell medium used for AE induction but without BSA, which is itself a macromolecule that will scatter X-rays. Spectra were also recorded for the M16 medium without BSA, and this was used as the background signal and subtracted from the data. To eliminate possible artifacts in fitting parameters from the beamstop in the low-*q* range and points with large uncertainties due to weak signal in the high-*q* range, SAXS analysis was performed over a *q* range of approximately 0.01--0.25 Å^--1^. Although this *q* range is limited, the data still provide some information about the glycopolymer chain conformation as described further below, yielding insight into possible mechanisms for the observed biological activity.

[Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"} show SAXS data for the glycopolymers with polynorbornene and polycyclooctene backbones, respectively. The two data sets display a qualitatively different dependence on *q*, suggesting different conformations of the glycopolymers with the two different backbones. Analysis of the data in the mid-*q* range ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00166/suppl_file/bi7b00166_si_001.pdf)) yields a power law dependence of the scattered intensity on *q* with an exponent close to −1 in the case of glycopolymers with the norbornene backbones ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00166/suppl_file/bi7b00166_si_001.pdf)), whereas exponents in the range from −1.8 to −3 were found for the glycopolymers with the cyclooctene backbones, with the exception of the polycyclooctene mannose polymer, which displayed an exponent closer to −4, as discussed further below. This suggests a rodlike conformation for the norbornene backbone polymers in solution, while the cyclooctene polymers have a conformation more similar to that of typical flexible polymers in theta to poor solvents, or perhaps a collapsed spherelike structure for the cyclooctene mannose polymer. Thus, an initial analysis of the mid-*q* range suggested that the same sugar ligands linked to different polymer backbones access distinct solution structures.

![SAXS data for glycopolymers with polynorbornene backbones and fits to flexible cylinder model. Solid lines represent fits to the data.](bi-2017-00166a_0003){#fig3}

![SAXS data for glycopolymers with polycyclooctene backbones. Fits of poly(**2a**)~100~, poly(**2c**)~100~, and poly(**2d**)~100~ to (A) the polymer flexible cylinder model and (B) the excluded volume model. (C) Fits of poly(**2b**)~100~ to the polymer excluded volume model and sphere model.](bi-2017-00166a_0004){#fig4}

A more detailed analysis of data was conducted for both glycopolymers. On the basis of the initial slope value analysis, the norbornene backbone polymers were fit to the flexible cylinder model.^[@ref31],[@ref32]^ This model includes contour length *L* and radius *R* of a chain comprised of a series of locally stiff segments of length *l*~p~, where 2*l*~p~ is the Kuhn length. The results are summarized [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The polymers with a norbornene backbone all had similar structures with a contour length in the range of 70--220 Å, a radius of 14--20 Å, and a Kuhn length of 60--100 Å. The Kuhn lengths obtained from data fitting are large, indicating that these polymers are quite rigid ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). Although this result is somewhat unexpected, it is consistent with the findings of Pesek et al., who examined bottlebrush polymers with a norbornene backbone with a length similar to that of our systems, and with polystyrene side chains \[PNb(PS)\].^[@ref33]^ They performed SANS studies of these polymers in deuterated toluene and attempted to fit the data with a variety of different models. They also found that their systems are described well by the flexible cylinder models and reach contour lengths that are similar to what we find.

###### Flexible Cylinder Model Fit Parameters for Poly(NB)s

  polymer             contour length (Å)   Kuhn length (Å)   radius (Å)
  ------------------- -------------------- ----------------- -----------------------------------------------
  poly(**1a**)~100~   107.17 ± 0.24        73.06 ± 0.18      19.90 ± 0.02
  poly(**1b**)~100~   144.46 ± 0.04        93.11 ± 0.03      18.72 ± 0.003[a](#t2fn1){ref-type="table-fn"}
  poly(**1c**)~100~   219.37 ± 0.17        59.82 ± 0.10      14.10 ± 0.01
  poly(**1d**)~100~   70.41 ± 0.82         56.64 ± 0.78      18.48 ± 0.08

Uncertainties in fit parameters based on goodness of fit, as provided by the SasView analysis package. Values of \<0.01 likely overestimate the true uncertainty and may be due to the limited *q* range.

###### Flexible Cylinder or Sphere and Excluded Volume Model Fits of Poly(COE)s

  polymer             contour length[a](#t3fn1){ref-type="table-fn"} (Å)   Kuhn length[a](#t3fn1){ref-type="table-fn"} (Å)   radius[a](#t3fn1){ref-type="table-fn"} (Å)   *m*[b](#t3fn2){ref-type="table-fn"}            *R*~g~[b](#t3fn2){ref-type="table-fn"} (Å)
  ------------------- ---------------------------------------------------- ------------------------------------------------- -------------------------------------------- ---------------------------------------------- --------------------------------------------
  poly(**2a**)~100~   78.60 ± 3.22                                         19.65 ± 0.03                                      13.53 ± 0.03                                 1.94 ± 0.005[c](#t3fn3){ref-type="table-fn"}   30.69 ± 0.06
  poly(**2b**)~100~   --                                                   --                                                77.64 ± 0.80                                 3.00[c](#t3fn3){ref-type="table-fn"}           195 ± 3
  poly(**2c**)~100~   168.69 ± 47.14                                       20.00 ± 0.07                                      18.91 ± 0.30                                 2.85 ± 0.001[c](#t3fn3){ref-type="table-fn"}   222.08 ± 0.03
  poly(**2d**)~100~   97.60 ± 5.59                                         6.83 ± 0.06                                       13.99 ± 0.10                                 1.80 ± 0.02                                    28.27 ± 0.11

Parameters for flexible cylinder models or, for poly(**2b**)~100~, the polydisperse sphere model.

Parameters for excluded volume models.

Uncertainties in fit parameters based on goodness of fit, as provided by the SasView analysis package. Values of \<0.01 likely overestimate the true uncertainty and may be due to the limited *q* range. No error is reported for *m* for poly(**2b**)~100~ as maximal allowable value was reached for this parameter.

COE-backbone polymers, other than poly(**2b**)~100~, were fit to both the flexible cylinder model mentioned above and a model developed for flexible polymer chains with excluded volume interactions, first described by Benoit^[@ref34]^ and later put in analytical form by Hammouda.^[@ref35]^ This model includes the polymer radius of gyration, *R*~g~, and a parameter *m* that is related to the excluded volume parameter, ν, as *m* = 1/ν. The results are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. All polymers show some excess scattering at low *q* that is not captured by either model, but because this region is also affected by scattering from the beamstop, it is difficult to discern if this indicates aggregation of chains into larger structures. Accordingly, we focus on fitting data in the mid- to high-*q* range to obtain information about chain conformation. Fits to the flexible cylinder model for these polymers were performed to facilitate direct comparison of parameters for the two series of polymers; however, the polymer excluded volume model provides a better fit to the data. It is not possible to fit both series of polymers with the polymer excluded volume model, as this model will not reproduce the rigid rod limit.^[@ref35]^

As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, spectra from the cyclooctene mannose polymer display behavior qualitatively different from that of other cyclooctene polymers. The mid-*q* exponent close to −4 displayed by this polymer is impossible to fit with the flexible cylinder model. Although fitting this data with the polymer chain model of Hammouda provides a reasonable fit in the low *q* range, the excluded volume parameter *m* reaches the physical limit of 3 for a chain in a poor solvent, the uncertainty in *R*~g~ is large, and this model systematically deviates from the data in the mid-*q* range. Thus, it seems unlikely that the scattering arises from individual chains in a poor solvent. Rather, the shape of the SAXS spectra in the mid-*q* range is more characteristic of spherical entities. Thus, we show a fit of this data to the form factor for polydisperse spheres. This model provides a better fit to the data in the available *q* range and reasonable uncertainty in the fit parameters, yielding a radius of ∼78 Å. This polymer did not scatter strongly, and data are available over a limited range of *q*; thus, we must be cautious in interpreting the SAXS data. Although the different SAXS behavior displayed by this polymer may indicate some type of self-assembly in solution that is not observed in other cyclooctene or norbornene polymers, additional structural information must be obtained before further interpretation.

Results from the fits to the flexible cylinder model for other cyclooctene polymers result in values of *L* and *R* that are similar to those of the norbornene polymers (*L* = 80--170 Å, and *R* = 14--20 Å), although it should be noted that there is significant uncertainty in the largest value of the contour length. The highest value of *L* was obtained for the cyclooctene polymer with GlcNAc groups, and data for this sample are noisy. However, all these systems show much smaller values for the Kuhn length, in the range of 7--20 Å, as compared to those of the norbornene backbone polymers. This length is consistent with the cyclooctene backbone polymers having a more flexible structure. Fits to the polymer excluded volume model indicate a radius of gyration of 28--30 Å for the COE polymers with glucose and fucose groups. As expected, the radius of gyration is much smaller than the contour length of the polymer obtained from fits to the flexible cylinder model, again consistent with a much more flexible chain conformation. The value of *R*~g~ for the cyclooctene polymer with GlcNAc groups is quite large, 220 Å, although this should be interpreted with caution as there is greater noise in the data for this sample. The values of the parameter *m* range from 1.8 to 1.9 for the cyclooctene polymers with glucose and fucose groups and to 2.8 for the polymer with GlcNAc groups. We would expect values for parameter *m* of 1.67 for flexible polymer chains swollen by a good solvent, 2 for chains in a theta solvent, and close to 3 for chains that are collapsed in a poor solvent. The results indicate that the cyclooctene polymers with glucose and fucose groups are behaving as if in a moderately good to theta solvent, with a conformation that is close to an ideal random walk ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). However, the cyclooctene polymer with GlcNAc groups appears to have a more compact, collapsed configuration.

![Comparison of polynorbornene and polycyclooctene glycopolymers: (left) polymer with a flexible cylinder backbone and (right) polymer with a flexible random walk backbone.](bi-2017-00166a_0005){#fig5}

Earlier studies of polynorbornene backbone conformations focused on characterization of polymers on a surface or in the molten state. The chain conformations exhibited high degrees of heterogeneity. For example, the diblock copolymer of norbornene and organometallic derivatives of norbornene or polyacetylene exhibited different conformations in the film state, including spherical, cylindrical, or lamellar morphology, depending on the diblock compositions and molecular weights. For norbornene backbone brush copolymers containing polylactide (PLA) and poly(*n*-butyl acrylate) (PnBA) side chains, the polymer assembled in a highly ordered lamellar state, with an extended backbone conformation.^[@ref36]−[@ref38]^ These results provide an estimate of the single-molecule size but do not provide information about their solution-state structures. We conclude that the sugars on our polymers serve to block aggregation of norbornyl chains and help to maintain a flexible cylinder conformation in solution. These structures are analogous to the bottlebrush polymers of Pesek et al.^[@ref33]^ in which the brushes serve to prevent aggregation, where with increase in the length of brushes the conformation underwent a transition from spherical particles to cylinders.

Glycoconjugate conformations have been investigated by SAXS analysis for maltpentaose-carrying polystyrene (PVM5A) and PVLA with PT in water.^[@ref39],[@ref40]^ These glycopolymers are often found to self-assemble into nanoparticles, micelles, vesicles, or tubular aggregates because of the amphiphilic nature of the polymers.^[@ref41]^ All of these polymers have flexible backbones, analogous to our polycyclooctene glycopolymers.

Conclusion {#sec4}
==========

A series of glycopolymers based on a polycyclooctene backbone was synthesized. These glycopolymers were compared to previously prepared polynorbornene glycopolymers as inducers of mouse sperm acrosomal exocytosis. Per SAXS analyses, the glycopolymers with polynorbornene backbones form flexible cylinders in cell medium. However, glycopolymers with polycyclooctene backbones are significantly less rigid and have conformations typical of polymer chains in a theta to poor solvent. The cylinder conformations are required for efficient acrosomal exocytosis induction by fucose and GlcNAc polymers. Moreover, the proposed spherical conformation adopted by polycyclooctene enhanced mannose induction of AE. Thus, the appropriate choice of polymer backbone for optimal cellular activation is dependent on the sugar displayed. Our results suggest that the AE efficacy of fucose, GlcNAc, and mannose polymers relies on a relatively rigid polymer that can stabilize receptor signaling complexes.
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